INTRODUCTION
Human streptococcal isolates are confronted with numerous environmental challenges, one of which is the necessity that they adhere to one or more of the varied mucosal surfaces of the oropharyngeal cavity between their point of entry into the host and the site where physiological conditions favor colonization. They interact with buccal cells, tonsillar cells, salivary constituents, and dental pellicles and with other bacteria and their products. To maintain themselves in these environments, the streptococci must be able to interact with different receptors on the distinct surfaces (5, 6, 31) . It is not surprising, therefore, that evolutionary pressures would select organisms that are genetically capable of producing more than one class or type of adhesin. Indeed, the concept of multiple adhesins has been recognized for over 20 years for gram-negative bacteria, especially members of the family Enterobacteriaceae (27) . There is, in fact, no need to bring attention to the concept of multiple adhesins in gram-negative bacteria, so widespread is its acceptance (32) . The concept of multiple steps in the process of adhesion has also been proposed for gram-negative bacteria, such as enteropathogenic Escherichia coli (46) and Mycoplasma pulmonis (51) . However, it was more recently that a sufficient body of data accumulated to suggest that similar to gram-negative bacteria, gram-positive bacteria also express multiple adhesins and, further, that the adhesins probably function in distinct kinetic steps. While these are not new concepts, they are not yet widely recognized or accepted for streptococci. It is these concepts that we wish to address, primarily with respect to human streptococcal isolates. For illustration, we shall focus on two streptococcal species that inhabit different niches of the upper respiratory tract. One, Streptococcus sanguis, colonizes the tooth surface, and the other, Streptococcus pyogenes, colonizes the pharynx and tonsils. We will attempt to marshall the evidence for the expression of multiple adhesins in these species (and perhaps other gram-positive cocci) and develop a general model to explain how multiple adhesins may function to saliva-coated hydroxylapatite (S-HA) served as the target substratum. Given the complexity of the components of the artificial salivary pellicle, it appears that the detection of the different classes of adhesins in these instances was due primarily to the characteristics of the streptococcal clones used and the particular growth conditions employed. At least two classes of adhesins were also detected when other target substrata were used. These are the GalNAc-specific lectin which interacts with Actinomyces species to begin to form the dental plaque and the class I and II antigens that interact specifically with the integrins (GlIb-IIIa proteins) of platelets.
Adhesion of S. sanguis to S-HA was found to depend on multiple, interacting sites (23-25, 56, 57) . It was suggested that adhesion to S-HA was cooperative, in that the binding of a few bacteria tended to promote the binding of additional bacteria. This cooperative adhesion was dependent on both hydrophobic and nonhydrophobic interactions. Other work has supported the view that S. sanguis adheres to S-HA via multiple combining sites (13, 34, 38, 53) . It has been suggested that formation of the S. sanguis-S-HA complex proceeds by two distinct kinetic steps, the first of which is readily reversible and is mediated by electrostatic and hydrophobic forces (14, 26) . The second step is mediated primarily by nonhydrophobic interactions. Once the second reaction has taken place, the cell becomes firmly bound and the binding is only very slowly reversible. Detachment would be expected only when all adhesin-receptor interactions are coordinately reversible, the probability of which is low, or under conditions of mechanical detachment, for instance, upon brushing the teeth. The findings that agents which interfere with ionic or hydrogen bonds (salts and high temperature) or with the hydrophobic effect (chaotropes and low temperature) inhibit adhesion and the finding that adhesion of S. sanguis occurs in two distinct kinetic steps, whereas desorption occurs in a single step (23) (24) (25) , support the validity of the two-step kinetic model (23-25, 56, 57) . Within this scheme, it is possible that one or more of the multiple adhesins of S. sanguis participate in the first step of adhesion whereas other adhesins effect the second step, but the molecular details of these two steps have yet to be described.
EVIDENCE FOR MULTIPLE ADHESINS OF S. PYOGENES
At least six different mechanisms of adhesion have been proposed for S. pyogenes (Table 2 ). It would appear that detection of these different mechanisms has depended primarily upon the type of target substratum used in the assay. (2, 7-9, 20, 21, 42, 58, 65-67) . The correlation between hydrophobicity of the streptococci (mainly contributed by LTA [52] ) and the ability of the bacteria to adhere to epithelial cells (19) , and also the ability of LTA to inhibit adhesion of streptococci to many types of cells ( (1) . But the adhesion of both the skin and the throat isolates to cells was inhibited by LTA. Although at face value, the results suggest that LTA-mediated adhesion is the only mechanism involved in both skin and pharyngeal strains, these results are difficult to interpret based on a single adhesion mechanism. Because the adhesion assays included multiple washings before enumeration of adherent bacteria, the results may be interpreted according to the two-step adhesion model. We postulate that LTA participates in the first step of adhesion with both types of isolates, whereas distinct adhesins expressed by skin or throat isolates participate in the second step of adhesion to skin or throat cells, respectively. Thus, LTA would be expected to inhibit adhesion in both cases because it is involved in the first step, whereas it is the second-step adhesin that determines tissue tropism.
It is also possible that the model applies to other LTAproducing streptococci and staphylococci as LTA was found to inhibit adhesion of several of these species to epithelial or tissue culture cells (Streptococcus bovis [79] 18], Staphylococcus aureus [16] , and Staphylococcus saprophyticus [74] ). Further, each of these bacterial species has been found to produce adhesins other than LTA. Of course, it could also be that molecules other than or in addition to LTA could be responsible for the first step of adhesion of organisms other than S. pyogenes. For example, it is possible that a 16-kDa hydrophobic surface protein isolated from S. sanguis by Jenkinson (45) could serve this function. Furthermore, oral streptococci, including S. mutans, have been reported to possess adhesins capable of interacting with hydrophobic probes, suggesting that surface hydrophobins that serve as adhesins may be common in oral streptococci (37) .
In some cases, one receptor molecule may be involved in both the first and second step of adhesion. This may be the case for fibronectin, which serves as a receptor for binding LTA during the first step of adhesion of S. pyogenes. While several S. pyogenes fibronectin-binding proteins have been described that may be second-step adhesins (60, 70, 72) , it remains to be determined which of them, if any, are exposed on the surface of the organisms in an orientation permitting interaction with fibronectin or host substrata. The fibronectin molecule on cell surfaces may, therefore, present at least two attachment sites, one for LTA and another for a fibronectin-binding protein expressed by a particular bacterial clone.
MODEL FOR ADHESION OF STREPTOCOCCI
The two-step model proposed is depicted in Fig. 1 . The first step of adhesion is relatively weak and reversible, probably mediated by hydrophobic interactions (such as with LTA). This step is readily reversible by multiple washings, and its inhibition by various agents would result in a complete inhibition of the adhesion process. The second step may involve adhesins that are specialized for receptors expressed by cells within specific niches. The outcome of this second step is a firm, practically irreversible adhesion that withstands multiple washings. Such firm adhesion could be due either to composite multivalent interactions or to a higher affinity of the second adhesin-receptor interaction. According to the model, whether a particular adhesin participates in the first or second step of adhesion can be determined by employing a mutant specifically lacking one of the adhesins or by performing tests in the presence of a specific inhibitor of the adhesin. Such studies would be complemented by careful kinetic studies of the attachment and detachment of the mutant bacteria (or wild-type strains in the presence and absence of inhibitors), using assays in which separation of adherent and nonadherent bacteria is accomplished by using gentle, nonshearing methods (23) (24) (25) 60, 1992 p readily reversible and firm adhesion. The adhesion of a mutant deficient for the adhesin in question (or adhesion in the presence of a specific inhibitor) may be abolished either after the first washing (for a first-step adhesin) or only gradually after multiple washings (for a second-step adhesin). The determination of whether an adhesin participates in the first or second step can also be achieved by including in the adhesion assay target substrata which lack receptors for the adhesin in question and estimating detachment of adherent bacteria as a function of time or number of washings.
The multiple-step process of adhesion probably confers an advantage in that it enables the organism to overcome the electrostatic repulsive forces between the two negatively charged surfaces of the bacteria and the host cell in the first step and to establish firm, essentially irreversible adhesion in the second step. These steps correspond, in principle, to the colloidal theories of Derjaguin and Landau and of Verwey and Overbeek (the DLVO theory). According to these theories all submerged objects attract particles suspended in the surrounding fluid toward the object's surface (see references 3, 35, 63, and 71 for reviews). A variety of long-range forces are responsible for recruiting particles (e.g., bacteria) toward the surface of the substratum (e.g., cells or S-HA), but there are repulsive forces that keep the particles from approaching closer than a certain distance. These particles would then be considered to be adsorbed. The process of adhesion then occurs if the molecules at the surface of the particle have the appropriate characteristics and are capable of (i) overcoming the repulsive forces (hypothetical step 1) and (ii) instituting stronger, short-range attractive forces (hypothetical step 2). Particles passing through both steps would then be bound, specifically and essentially irreversibly.
We suspect that the multiple adhesins of streptococci may also be subject to phase variation, as is the case in gramnegative bacteria (27, 32) , but relatively little is known about phase variation in streptococci. There is at least one example, however, of phase variation in S. sanguis that could be related to adhesion (73) . There is also one example of phase variation of a presumptive adhesin (M protein) of group A streptococci (68) . It seems logical that phase variation in the expression of adhesins would be advantageous for bacteria colonizing diverse substrata, which undoubtedly contain different receptors for bacterial adhesins.
It has been convincingly argued that bacteria adhere in a highly selective manner and that their ability to colonize a particular surface correlates with the ability to bind to the specific mucosal cells present (36) . Nevertheless, the point of entry of pathogenic organisms into a host is not necessarily the optimal site for colonization. For a population of bacteria to reach the final colonizing site, its members may have to interact with diverse types of cells. Whereas specific adhesion is an important requirement, it is also reasonable for the bacterium to be able to attach to diverse substrata to enhance its chances of eventually colonizing the host. For example, group A streptococci may interact with salivary components and epithelial cells of the buccal, labial, lingual, or palatal mucosa before reaching the pharyngeal area, where more optimal conditions allow larger colonies to form. Undoubtedly, multiple adhesins would enhance the organism's ability to attach to different substrata until progeny successfully reach surfaces where adhesion can occur and where physiological conditions for colonization are favorable.
SUMMARY
In summary, the multiple streptococcal adhesins appear to contribute to the overall ability of the organisms to colonize various niches in the upper respiratory tract. They do so by two modes. One involves two distinct adhesive steps, the first of which is readily reversible and requisite in order to pass to the second step, after which adhesion is essentially irreversible. The other depends upon the expression of one or more adhesins that may undergo phase variation, similar to the expression of mannose-sensitive and mannose-resistant adhesins by members of the Enterobacteriaceae (27, 32) .
It is recognized that the model proposed for streptococcal adhesion does not necessarily resolve all of the issues involved in this complex phenomenon, even for S. sanguis and S. pyogenes. The model does, however, provide an explanation for many observations of adhesion of these species that otherwise are difficult to resolve. Further understanding of adhesion mechanisms must take into account both strain and substratum variation and is not likely to result from simplistic analyses of biochemical or molecular genetic experiments alone. The model also permits the design of experiments needed to delineate further the various activities of multiple adhesins expressed by pathogenic streptococci.
